Denaturing gradient gel electrophoresis (DGGE) was employed to resolve PCR-amplified nifH sequences from vegetated and unvegetated sediments from two oligotrophic seagrass bed sites on San Salvador Island, Bahamas, in order to assess diazotroph species composition. All DGGE profiles from these sites showed the same prominent bands. These bands were sequenced, yielding 67 different nifH sequences, which were used in phylogenetic reconstructions. Most sequences were from anaerobes, but some were affiliated with the K-and (Q-+L-) Proteobacteria. Several NifH sequences were nearly identical to those from Azospirillum brasilense and Vibrio diazotrophicus. These seagrass bed sediments support a diverse diazotroph assemblage that is, at least superficially, similar to that associated with an intertidal grass (Spartina alterniflora). ß
Introduction
Seagrass communities are common features of shallow, high-clarity temperate and tropical coastal waters, and can be both large in extent and highly productive [1^2] . This productivity requires substantial supplies of inorganic nutrients, much of which can be lost due to dispersal of decaying aboveground biomass [3] . Seagrasses are capable of utilizing nutrient resources from the water column as well as from sediments, however, in oligotrophic locations sediment nutrient pools will likely be more signi¢cant. Nitrogen ¢xation occurs at extremely high rates in the sediments of many seagrass-vegetated sites [3^5] , and is an ecologically signi¢cant source of bioavailable nitrogen for many seagrass communities. In some seagrass £ats as much as 50% of plant nitrogen requirements can be met by diazotrophy in vegetated sediments [6^7] .
The assemblage of nitrogen-¢xing (diazotrophic) Bacteria and Archaea associated with vegetated sediments in seagrass beds has received relatively little study. Pure culture isolation from rhizosphere and rhizoplane sediments and from homogenated roots of Zostera marina yielded a large collection of strains having features consistent with their placement in the Vibrionaceae [8] . However, pure culture isolation methods introduce pervasive, well-known biases that typically produce collections of organisms that are not representative of the original assemblages [9^11]. Molecular biological methods, while subject to certain biases of their own (e.g. [12^14]), can recover gene sequences representing many more taxa than have been successfully cultured to date. One of the most useful approaches to the study of naturally occurring diazotrophs has been PCR ampli¢cation of partial sequences from nifH, the structural gene encoding the nitrogenase iron protein [14^15] . Recovery and phylogenetic analysis of these sequences have been employed to characterize natural diaz-otroph assemblages from many environments, including those associated with the roots of some freshwater and marine grasses [16^17] . At present, molecular biological studies of diazotrophic bacteria associated with seagrasses and their associated sediments have been limited to recovery of only a very few nifH sequences, including a partial sequence from a Klebsiella strain isolated from Ruppia maritima roots, and two partial nifH sequences from Halodule wrightii root and rhizoplane material [18] . In contrast, the diazotrophic bacterial assemblage associated with an emergent intertidal marine grass, the smooth cordgrass, Spartina alterni£ora, yielded numerous nifH sequences representing many di¡erent types of organisms [16] .
In this study, nifH sequence diversity was examined for vegetated and unvegetated sediments associated with seagrass beds at two pristine oligotrophic sites on San Salvador Island, Bahamas. Denaturing gradient gel electrophoresis (DGGE), which separates ampli¢ed sequences on the basis of their melting points, was used to pro¢le the recoverable nifH sequence diversity from the two sediment types, from the two sampling sites, on two di¡erent sampling dates. Sequencing of the DGGE gel band amplimers revealed a substantial diversity of nifH sequences. This study highlights the phylogenetic diversity of diazotrophic bacteria associated with seagrass bed sediments, identi¢es some key groups of seagrass diazotrophs, and compares this assemblage to those associated with other grasses.
Materials and methods

Sampling site description
Samples were collected from two sites on San Salvador Island (23³95PN; 74³52PW), which is located at the far eastern edge of the Bahamas. The two sites employed serve as the Caribbean Coastal Marine Productivity (CARICOMP) Program reference sites for the Bahamas [19] and are relatively pristine. Both sites have carbonate sediments and are considered oligotrophic and phosphorus limited. The French Bay site is a very high-energy site located at the extreme southwestern tip of the island (see http://isis.uwimona.edu.jm/centres/cms/cm00006.htm for site map). The seagrass bed at this site contains a mixture of Thalassia testudinum and Syringodium ¢liforme and is in shallow water ranging from 1 to 1.5 m below mean low tide. This site has the highest productivity of any of the seagrass communities on the island. The Graham's Harbor site is relatively sheltered and located at the far northern point of the island. It is protected by a peninsula to the east and a series of small islands, barrier reefs and patch reefs to the north and west. The seagrass bed at this site contains a mixture of T. testudinum, S. ¢liforme, and H. wrightii and is at a depth of 4^5 m below mean low tide. Seagrass biomass (above-and belowground) at these sites is in excess of 1000 g dry weight m
32 [19] .
Sediment sampling
Vegetated (including live and dead roots and rhizomes, decaying leaf material, and sediments) and bare sediment core samples were collected in triplicate from French Bay and Graham's Harbor in November and March 1998 using cut-o¡ 60-ml syringes. Upon collection, cores were sealed with rubber septa at both ends and held on ice (2^7 days) pending shipment to Columbia, SC, USA, where they were stored at 370³C until processed.
Molecular analysis of nifH diversity
2.3.1. DNA extraction Community DNA was extracted from vegetated and unvegetated sediment cores using a direct lysis procedure described previously [20^21] . DNA quality and quantity were assessed by agarose gel electrophoresis and £uorom-etry respectively.
PCR ampli¢cation of nifH
Prior to PCR, template DNA was further puri¢ed and concentrated using the Wizard DNA clean-up system (Promega, Madison, WI, USA), following the manufacturer's instructions. This step increased ampli¢cation e¤-ciency of all samples (data not shown). PCR was performed using Taq DNA polymerase (Qiagen, Valencia, CA, USA) in a reaction mixture containing the following (25 Wl 31 reaction volume): 25 ng of community template DNA, 1.5 mM MgCl 2 , 2 WM dNTP mixture, 12.5 pmol each primer, and 10 Wg bovine serum albumin (BSA). The nifH primers used were those of Piceno et al. [21] and are speci¢c for free-living, heterotrophic diazotrophs. The forward and reverse primers are 8U and 2U degenerate, respectively. The ampli¢cation product is 457 bp, including the G+C clamp sequence. Ampli¢cation was initiated by a denaturation step at 94³C for 2 min and proceeded in two phases: (1) a 20-cycle touchdown program (94³C for 45 s, 58³C for 30 s, decreasing 0.5³C/cycle, 70³C for 30 s), and (2) 20 cycles of a standard ampli¢cation program with a 48³C annealing temperature for 30 s. A ¢nal extension step at 70³C for 2 min was used. Multiple individual reactions were performed for each sample, PCR products were pooled (200 Wl ¢nal volume per sample) and stored as an alcohol precipitate at 320³C. Prior to DGGE, amplimers were recovered by centrifugation (10 000Ug) and resuspended in 15 Wl TE (10 mM Tris^HCl, pH 8.0, 1 mM EDTA).
DGGE
nifH amplimers were resolved using denaturing gradient gels (1-mm thick, 6.5% polyacrylamide, 82^92% denaturant where 100% denaturant contains 7 M urea and 40% formamide) at 48³C for 1900 Vh using the Bio-Rad DCode universal mutation detection system (Hercules, CA, USA). Gels were stained for 30 min in TE with SYBR Gold (Molecular Probes, Eugene, OR, USA) and documented using the Alpha Imager 2000 (Alpha Innotech Corp., San Leandro, CA, USA). Gel plugs were collected from all prominent bands in the pro¢les using wide-bore micropipet tips and stored in 50 Wl dH 2 O at 320³C. Gel bands were designated homoduplex or heteroduplex following established methods [21] . The artifact band noted in Fig. 1 may result from DNA complexing with denatured BSA during the precipitation step after PCR. The migration of this band is independent of the denaturing gradient and PCR ampli¢cation of gel plugs taken from this band reproduces the original amplimer (when taken from a pure culture or a homoduplex band gel plug) [21] .
Amplimer cloning and identi¢cation of di¡erent cloned amplimer sequences
Amplimers from DGGE gel plugs were recovered by reampli¢cation and cloned as described previously [16] . Recombinant colonies were maintained on Luria^Bertani agar plates with 100 Wg ampicillin ml 31 . Clones were screened for appropriately sized insert from boiled extracts using primers speci¢c for SP6 and T7 RNA polymerase binding sites. Restriction fragment length polymorphism (RFLP) was employed as described by Lovell et al. [16] to assess gel band amplimer composition (i.e. homogeneous or heterogeneous) and to identify appropriate gel band clones for sequencing.
DNA sequencing and analysis
Recombinant plasmids were puri¢ed from selected clones using the Qiagen Plasmid Mini Kit. Plasmid concentrations were determined £uorometrically. Sequencing reactions used T7 and Sp6 primers and ABI (Applied Biosystems, Foster City, CA, USA) BigDye version 2.0 chemistry. Sequences were determined using an ABI 3100 genetic analyzer.
Environmental nifH sequences from the NCBI GenBank database were selected on the basis of NifH sequence similarity (v95% for the K-Proteobacteria and the (Q-+L-) Proteobacteria; v90% for the anaerobes) to one or more of the seagrass bed sequences. These environmental sequences, as well as sequences from relevant known, formally described diazotrophs were utilized for phylogenetic reconstructions. Nucleotide sequences for each major sequence cluster were aligned in ClustalW [22] , and cut to length and translated in SeqPup [23] . Inferred amino acid sequences were realigned in ClustalW and checked by hand for conserved marker residues [16] . The NifH sequence segments corresponding to the primers were removed from all sequences prior to phylogenetic analysis. Several database sequences included in these analyses were somewhat shorter than the sequences determined in this study, 115 amino acid residues versus 134, in most cases. Internal gaps consisted of two residues (positions 66 and 67, Klebsiella pneumoniae X13303 numbering) missing from sequences falling into the anaerobe cluster (but present in all other sequences), three residues (positions 114, 117 and 118) missing from sequences falling into the K-Proteobacteria cluster, and two residues (positions 117 and 118) missing from sequences falling into the (Q-+L-) Proteobacteria cluster. Maximum likelihood phylogenies were constructed in MEGA (ver. 2; The Pennsylvania State University, University Park, PA, USA) using pairwise deletion of gaps and missing data with 500 bootstrap resamplings. Each tree was rooted using an outgroup sequence; Clostridium cellobioparum for the K-Proteobacteria and the (Q-+L-) Proteobacteria, and Azospirillum lipoferum for the anaerobes.
Nucleotide sequence accession numbers
The nifH sequences determined in this study are avail- able in the GenBank database, accession numbers AF414609-AF414675.
Results and discussion
A single, reproducible DGGE banding pattern was obtained from vegetated and unvegetated sediments from seagrass beds at both sampling sites (French Bay and Graham's Harbor), on two di¡erent sampling dates (November and March 1998). A representative denaturing gradient gel image with gel band designations is provided in Fig. 1 . Ten prominent DGGE bands were identi¢ed and gel plugs were collected for RFLP analysis of gel band amplimer composition. Nine of the bands consisted of homoduplexes, with only one heteroduplex band (Fig.  1) . Multiple di¡erent RFLP pro¢les were recovered from all 10 bands, however, each band generally contained a single dominant RFLP pattern. Amplimers having relatively subtle di¡erences in nucleotide sequence are readily detected by RFLP analysis, but some of these have nearly identical melting characteristics, allowing their comigration in the gels [16] . Slight di¡erences in RFLP among comigrating nifH amplimers usually did not signify substantial di¡erences in protein coding sequence (data not shown).
Phylogenetic analysis of the translated nifH amplimers revealed a great diversity of anaerobes from seagrass bed sediments, as well as numerous sequences lying within clusters containing predominantly K-or (Q-+L-) Proteobacteria. The phylogenetic a¤liations of four sequences are uncertain. The major NifH sequence clusters (i.e. presumptive K-Proteobacteria, presumptive (Q-+L-) Proteobacteria, and presumptive anaerobes) are designated on the basis of the predominant phylogenetic groupings of sequences accounting for higher order branching. It should be noted that NifH sequences from some genera from the L-Proteobacteria are a¤liated with the K-Proteobacteria cluster [16, 24] . This apparent discrepancy has been explained on the basis of lateral transfer of nifH from authentic K-Proteobacteria to these L-Proteobacteria [24] .
Twelve of the seagrass bed NifH sequences were unambiguously a¤liated with the K-Proteobacteria cluster, with 10 of these highly similar to the sequence from Azospirillum brasilense (Fig. 2) . The NifH sequences of A. brasilense and A. lipoferum are 99.3% similar, and ¢ve of the seagrass bed sequences had v98.5% similarity to the A. brasilense sequence. In fact, two of the seagrass bed NifH sequences were nearly identical over the length examined to the A. brasilense sequence. These results indicate the existence of Azospirillum-like organisms, represented by almost half of the seagrass bed sequences that were a¤li-ated with the K-Proteobacteria cluster. Of the two remaining sequences of presumptive K-Proteobacteria origin, one (SE2) was most similar to sequences from the Rhizobiaceae (94.8% similar to the NifH sequence from a Rhizobium sp.), while the other (SB8) was somewhat less similar to sequences from this family. However, NifH sequences within the Rhizobiaceae can be somewhat divergent, making the interpretation of outlying sequences problematic. Another large grouping of seagrass bed NifH sequences (15 total) was a¤liated with sequences from known and presumptive (Q-+L-) Proteobacteria (Fig. 3) . These sequences were similar, to varying degrees, to a variety of known genera within these major phylogenetic subdivisions. The highest similarity values observed were between seagrass bed sequences and the NifH sequence of Vibrio diazotrophicus. Seagrass bed sequences SA2, SB4, and SB5 were 95.2% similar to the V. diazotrophicus sequence, with one other sequence (SB1) 84.9% similar to this sequence. Most seagrass bed sequences had relatively low similarity scores to any sequences from known (Q-or L-) Proteobacteria.
The largest grouping of seagrass bed NifH sequences was from presumptive anaerobic diazotrophs (Fig. 4) . All 36 of the presumptive anaerobe sequences were substantially dissimilar to sequences from known anaerobic taxa. Only a single sequence (SF4) was over 89% similar to a sequence from a known anaerobic diazotroph (Desulfonema limicola). On the basis of their consistent a¤liation with this cluster and divergence from the K-Proteobacteria and (Q-+L-) Proteobacteria, it is most likely that these seagrass bed sequences do represent anaerobic diazotrophs. However, the organisms represented by these sequences are from uncharacterized species, or at least taxa from which nifH sequences have not been reported. The seagrass bed NifH sequences were all more similar to sequences from sulfate reducers than from other major anaerobic groups. This is consistent with the identi¢cation of sulfate reducers as a key group responsible for diazotrophic activity in seagrass beds [3, 25] . Sequences from organisms more closely related to these unknowns than anything in the present, rather meager NCBI sequence collection will be required to con¢rm the presumptive identi¢cation of the unknown anaerobic diazotrophs as sulfate reducers.
The predominance of NifH sequences from anaerobes likely re£ects the known abundance of anaerobic organisms such as sulfate reducers in seagrass bed sediments (e.g. [3, 25, 26] ). However, it should be noted that the samples could not be immediately frozen in the ¢eld after collection and that shifts in the representations of certain groups may have occurred [27] . It is encouraging that the DGGE patterns generated from di¡erent sample sets that varied in the length of time between sample collection and freezing were identical.
As is not uncommon in analysis of NifH sequences recovered from environmental sources, a few sequences were so divergent from those of formally described diazotrophs that their phylogenetic a¤liation was di¤cult to assess. Sequences SF6, SG3, and SG7 (Fig. 2) are most similar to that from the actinomycete Frankia alni and also had similar mol% G+C contents (64 mol% G+C for the seagrass sequences, 66% for F. alni). However, with similarity scores in the range of 84%, it is di¤cult to state with any con¢dence that the seagrass bed sequences are actually of actinomycete origin. If they are in fact from actinomycetes, this would be the ¢rst report of which we are aware of diazotrophic actinomycetes associated with seagrass bed sediments. Some obvious parallels can be seen between the nifH sequences recovered from seagrass bed sediments and those from the rhizosphere of another marine plant, S. alterni£ora [16] . Both sequence collections contain a substantial representation of anaerobe sequences, in both cases divergent from those available in the database, but more similar to sequences from sulfate reducers than to those from other anaerobic taxa. Both contain numerous and quite diverse sequences from (Q-+L-) Proteobacteria, while sequences from K-Proteobacteria were virtually restricted to a single major lineage (Azospirillum in the case of seagrass sequences, an unknown taxonomic grouping in the case of Spartina). It is particularly noteworthy that the closest similarities between most sequences recovered from seagrass bed sediments and those from other environmental samples were all to sequences from the Spartina rhizosphere. There are certainly obvious di¡erences between these vegetated sedimentary environments. Spartina at the locations sampled by Lovell et al. [16] produces a dense root mat with abundant belowground live biomass [28] , while the seagrass bed samples contained relatively low quantities of root biomass. The Spartina rhizosphere receives at least some oxygen input at all times [29^30], while seagrasses only transport signi¢cant oxygen to their rhizosphere during periods of active photosynthesis. The seagrass bed locations sampled are oligotrophic, while the Spartina site is much more organically enriched (C.R. Lovell, unpublished data) and would likely be considered at least mesotrophic. These substantial di¡erences, as well as recent ¢ndings of at least some degree of host plant speci¢city of culturable oxygen utilizing diazotrophs from several marine plant species [31^32], would seem to predict the occurrence of quite di¡erent diazotroph assemblages. However, there does seem to be some consistency in the major types of diazotrophic organisms represented. It is particularly apparent that the most diverse diazotroph group associated with both tropical seagrasses and Spartina is the anaerobic bacteria, likely a diverse array of sulfate reducers, dominated by unknown taxa. Further examination of seagrass bed samples from other, perhaps more organically enriched locations will be required to determine whether the array of diazotrophic organisms associated with these plants is consistent across di¡erent types of environments and whether the diazotroph assemblages associated with roots of quite di¡erent marine plants are unexpectedly similar.
